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The worldwide production of engineered nanoparticles (ENPs) has grown rapidly 
in our era because of the popular applications in industrial and consumer markets.  
Especially silver (Ag) NP is one of mostly common ENPs in our consumer products due 
to its unique antimicrobial property. However, release of AgNPs into environment 
through wastewater treatment plants poses a question that what impact AgNPs have on 
microbially mediated processes in environment (e.g., nutrient and trace element cycles). 
In the last decades, numerous toxicological studies of AgNPs on bacteria have been 
conducted in pure culture systems, and several different antimicrobial mechanisms of 
AgNPs have been proposed. The toxicity of AgNPs is generally caused destabilization of 
the cellular outer membrane or by the release of Ag
+
 via dissolution of NPs. Ionic silver 
is a well-known anitimicrobial agent. It can readily react with amino acids in the cellular 
structure. Other mechanisms are the inhibition of several oxidative enzymes (e.g., 
hydroxylamine oxidoreductase-specific oxygen uptake rates and ammonia 
monooxygenase-specific oxygen uptake rates), surface binding and damage to 
membrane, suppressing DNA replication abilities, and generation of reactive oxygen 
species. While these mechanisms are accepted knowledge in the field, it is not clearly 
understood whether AgNPs exhibit the similar degree of toxicity to bacteria in the 
heterogeneous soil and water environment. In this study, the impact of AgNPs (50nm 
uncoated and 15nm PVP-coated AgNPs) including ionic silver (Ag
+
) to soil nitrifying 
bacteria was investigated along with batch sorption and dissolution experiments. 
Nitrifying bacteria were chosen as a model microbial community that serves a critical 
 iii 
role in sustaining the global N cycles in the terrestrial environment. The results of 
nitrification potential (i.e., kinetic rate) suggest that Ag
+
/AgNPs, which strongly sorb in 
soils, suppressed the nitrification processes. Interestingly, the antimicrobial effect was 
dependent on chemical forms and concentrations, but mostly dependent on concentration. 
The observed toxicity to nitrification process in this study was in the order: PVP-coated 
15nm AgNPs > ionic silver > uncoated 50nm AgNPs. Unlike the toxicity data reported in 
the pure culture systems, the results of this study suggest that toxicity of AgNPs to 
nitrifying bacteria in soils is not as high as we expected. It is rather reduced in soils due 
to the interactions (sorption and complexation) of Ag
+
/AgNPs with inorganic and organic 
soil components. This research provides an important viewpoint of the AgNP toxicity to 
common bacteria in soils. In assessing the impact of AgNPs to microbially mediate soil 
processes, it might be important to further investigate the interactions and reactivity of 
AgNPs at the soil-water interface in conjunction with the response to specific microbial 
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1.1 Global Nitrogen Cycle 
 
Nitrogen (N) is one of the most essential elements for life. Within ecosystems, 
nitrogen compounds are continuously recycled and reused. In our world, nature has its 
own effective cycles of N, which are crucial to every living organism on earth. All living 
organisms require N to generate enzymes, proteins and other cellular components (e.g., 
RNA, DNA, and chlorophyll) that serve important functions in their life (Bernhard, 
2010). Interestingly, the global distribution of N is concentrated in atmosphere, and not in 
the biomass. Nitrogen represent ~78% of the atmosphere (386 x 10
16
 kg), followed by 
biomass (0.045 x 10
16
 kg) and soils and sediments (0.024 x 10
16
 kg) (Stevenson and Cole, 
1999). Ironically, most of atmospheric N is in a form of dinitrogen (N2) gas that is not 
readily available to most organisms (Chapin et al., 2002). The unavailability is due to the 
strong triple bond between two nitrogen atoms that is thermodynamically difficult to 





) and nitrate (NO3
-
) ions are few of reactive forms of N 





1.1.1. Sources of Nitrogen 
 
Primary sources of N in the environment are: 1) indigenous sources (e.g., 
deposition of (in)organic nitrogen compounds in plant and organic residue to soils and 
waters) and 2) anthropogenic sources (e.g., industrial emission, and synthetic- and animal 
based-fertilizer application). Major gaseous forms of nitrogen released through 
anthropogenic activities are nitrogen oxides and nitrous oxide. Nitrogen (di)oxide (NO2) 
is generated from fossil fuel burning at industrial factories such as power plants, and 
motor vehicle exhaust. Nitrogen dioxide is a highly reactive gas acting as an oxidizing 
agent in the air to form corrosive nitric acid. On the other hand, nitrous oxide (N2O) is 
emitted through microbially mediated process in soils when synthetic and animal based 
fertilizers are applied (Maguire et al., 2009; Hayatsu et al., 2010). Agricultural soil 
management is known to be the largest source of N2O emissions in the United States, 
accounting for about 69% of total U.S. N2O emissions in 2011. Concentrations of N2O in 
the atmosphere have risen since the 1920s, reaching a new high of 324 ppb in 2011. 
Current estimates for annual emissions from this agricultural land range from 2 to about 4 
million tonnes of N2O-N globally (U.S. Department of State, 2007).  
Once these indigenous and anthropogenic N sources are introduced into 
environment, they undergo dynamic abiotic and biotic processes (i.e., nitrogen fixation, 
nitrification, denitrification, ammonification, assimilation and anammox). A summary of 




1.1.2. Decomposition of Plant and Animal Residues 
 
Plant and animal residues in soils get readily decomposed by a variety of 
terrestrial fauna and flora as long as the environment conditions (e.g., temperature and 
moisture) meet their needs (Maguire et al., 2009). These N decomposition processes are 
known as mineralization and immobilization. Mineralization is the conversion of organic 
N in plant and animal residues into inorganic N species (e.g., NH4
+
) (Cabrera et al., 
2005). When C:N ratios in the residues are low (<25:1), the net mineralization 
predominantly occurs in soils. In the opposite way, the immobilization process occurs 
(the conversion of ammonium to organic N) when C:N ratios are high (>25:1)(Cabrera et 
al., 2005). The quality of residues (lignin and polyphenol) and environmental conditions 
in soils that support the microbially mediated process greatly affect the availability of 
soluble ammonium cations in soils (Amato et al., 1987; Rosswall, 1981). 
In the residue, there are some insoluble compounds such as proteins that undergo 
different decomposition processes (aminization and ammonification) in soils. The 
aminization is the hydrolytic and oxidative enzymatic reaction under aerobic conditions 
by heterotrophic microbes. The process produces a number of intermediate compounds 
(peptones and amides, and ammonia peptides) before it reaches amino acids. Once there 
is accumulation of amino acids, amides, and ammonium compounds, they can be simply 





1.1.3. Transformation of Soluble N Compounds 
 
Once soluble ammonium is released to soils via the initial mineralization process, 
the majority of soluble N will be transformed by microbes. These processes include, 
nitrification and denitrification. Nitrification process is associated mainly by 
chemoautotrophic bacteria under aerobic conditions, but in some ecosystems (e.g., 
forested soils) heterotrophic nitrification could occur (Paul and Clark, 1996). Microbes 
that catalyze the process of nitrification are divided into two groups: ammonia oxidizing 
bacteria (AOB) and nitrite oxidizing bacteria (NOB) (Francis et al., 2007). In contrast, 
denitrification process is carried out by anaerobic heterotrophic bacteria, except for some 
bacteria that works in the presence of O2 such as Paracoccus denitrificans (Hayatsu et al., 
2010), by using nitrite or nitrate as the terminal electron acceptor (Seitzinger, 1988).                                                                                                                                             
 
Nitrification 
Nitrification is completed via two step processes that are contributed by 
chemolithoautotrophic AOB and NOB (Buday et al., 1999; Philips et al., 2002). This 
means that the only energy source of both bacterial groups is chemical energy, their 
carbon source is plain carbon dioxide (CO2), or in practice bicarbonate (HCO3
-
), and their 




 is processed 




 by NOB (Hayatsu et al., 
2010). According to Bergey's Manual, AOB species that belong to the family 
Nitrobacteraceae are under five genera: Nitrosomonas, Nitrosospira, Nitrosococcus, 
Nitrosolobus, and Nitrosovibrio (new genus). For NOB species, they are under 
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Nitrobacter genus (e.g., N. winogradskyi). In all these genera, the most commonly 
isolated AOB and NOB are Nitrosomonas and Nitrobacter (Belser, 1979). Table 1.1 lists 
the common nitrifying bacteria isolated from different environments (Bremner, 1981).        
 
Step 1: It is the oxidation of ammonia to nitrite by bacteria from the family 
Nitrobacteraceae. The overall reaction of ammonia oxidation by autotrophic bacteria 
during nitrification is as follow: 
 




 + H2O 
 
First, ammonia is oxidized into hydroxyl-amine (NH2OH) with the help of the 
enzyme ammonia monooxygenase (AMO) (reaction 1). Hydroxyl-amine is further 
oxidized to nitrite with the aid of hydroxylamine oxidoreductase (HAO) (reaction 2). As 
the results, water molecules are produced with electrons, oxygen and free hydrogen ions 
(Reaction 3) (Nicol and Schleper, 2006).  
                                                                                                                                            
Reaction 1: NH3 + O2 + 2 H
+
 + 2 e
-
  NH2OH + H2O 







Reaction 3: ½ O2 + 2 H
+
 + 2 e
-
  H2O 
Step 2: The second part of nitrification is that the NOB uses the enzyme nitrite 
oxidoreductase (NOR) to conduct the process (Nicol and Schleper, 2006).                                                                                                                                        
The overall reaction can be written as:  NO2
-






 is oxidized into NO3
-
 with the help of the NOR enzyme (Reaction 4). 
The remaining oxygen, electrons and protons reacted to form water molecules (Reaction 




 + H2O  NO3
-
 + 2 H
+
 + 2 e
-
 
Reaction 5: ½ O2 + 2 H
+
 + 2 e
-
   H2O 
 
Anammox 
Until recently, scientists were considering all nitrification process occur under 
aerobic conditions until a new type of ammonia oxidation was discovered in the anoxic 





is a process carried out by prokaryotes bacteria that belong to the Planctomycetes 
phylum. The organisms of anammox belong to the bacterial phylum Planctomycetes, 
with the genera: Anammoxoglobus, Kuenenia, Brocadia, and Scalindua. All anammox 
bacteria belong to the "Candidatus Scalindua". The enzymes involved in the anammox 
process are: nitrite reductase, N2H2 hydrolase, and hydroxylamine oxidoreductase. 
(Thamdrup et al., 2008). Approximately 25 % to 50 % of the total marine N2 production 




The reduction process of nitrate to dinitrogen gas or nitrous oxide by 
microorganisms is called denitrification. In general saturated soils and reduced systems at 
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high pH will facilitate the process. Denitrifying bacteria integrate nitrate reduction with 
oxidation of organic matter in order to produce energy by phosphorylation.. They use 
nitrate or oxygen as electron acceptor, but in the absence of oxygen they only reduce 
nitrate (Barton et al., 1999). Therefore, the process indicates anaerobic respiration since 
these microbes use other than oxygen as electron acceptor (Myrold, 2005). 
In the case of denitrification, the process is carried out by many organotrophs 
(e.g., Pseudomonas and Bacillus), lithotrophs (e.g., Thiobacillus and Nitrosomonas), 
phototrophs, and diazotrophs (e.g., Rhizobium) (Paul and Clark, 1996). In addition to 
these groups of bacteria, some Archaea, such as Halobacterium (Paul and Clark, 1996), 
and fungi, such as Fusarium spp. (Hayatsu et al., 2010), are capable of carrying out 




    (NR)      2NO2
-
  (NiR)    2NO  (NOR)   N2O   (NOS)  N2      
 
The enzymes involved in this reaction are: nitrate reductase (NR), nitrite 
reductase (NiR), nitric oxide reductase (NOR), and nitrous oxide reductase (NOS) (Paul 
and Clark, 1996). Table 1.2 lists the nitrogen cycle processes with their associated 






1.1.4. Nitrogen fixation 
 
 
In nature, N is abiotically and biotically fixed in lithosphere, hydrosphere, and 
atmosphere. Inorganic and organic colloids in soils and sediments, lightning, plants, and 
microorganisms play an important role in these N fixation processes. 
 
Abiotic fixation of N in soils and atmosphere 
 
Ammonium sorption in soils 
 
One of the important chemical processes of N in terrestrial environment is the 
fixation of ammonium (NH4
+
) on variable charge surfaces of phyllosilicates, organic 
matter, metal (oxyhydr)oxides (Zhang and Scherer, 1999). The charge on these mineral 
particles/colloids is generally negative at environmentally relevant pH values (5-7.5) 
which attract ammonium cations (Andrews, 1998). Ammonium ions are also known to 
partition into the interlayer of 2:1 clay particles. This process occurs in many clay 
particles with decreasing in this order: vermiculite ˃ illite ˃ montmorillite. However, 




In the fixation of atmospheric N, lightning plays a minor part. The extreme heat 
generating from a lightning flash causes N2(g) to combine with H2O of the air to form 
NH3 and nitrogen oxides (NO and NO2)( Hill et al., 1980). The maximum total global 
production rate of nitrogen oxides by lightning is estimated to be approximately 6×10
27
 
molecules/sec (Hill et al., 1980). The moisture in the air combines with these oxides. 
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Rain carries the fixed nitrogen to the earth, where it is used by plants in the form of 






From the perspective of N cycle, inorganic nitrogen is the important form for 
plant uptake since it is easily found in soil solutions such as nitrate and ammonium. The 
process of converting inorganic N (ammonium or nitrate) into organic forms of N (e.g., 
amino acid) is called N assimilation (immobilization) (Rosswall, 1981). In this process, 
plants seem to prefer ammonium as a N source. However, ammonium can be assimilated 
by two pathways: glutamate dehydrogenase (GDH) or glutamine synthetase/glutamate 
synthase (GS/GOGAT) (Rosswall, 1981). 
 
Microbiological assimilation in soils 
 
The process of N2 fixation is considered the second most important biological 
process on our earth after photosynthesis process. Biological fixation of N2 is exclusively 
carried by prokaryotic diazotroph microbes (organisms that use N2 as a sole source of 
nitrogen for growth) (Table 1.3) including free living microbes, associative symbioses 
(e.g., grass-bacteria associations) and truly symbioses (root-nodule symbioses). 
Symbiotic association involves a eukaryotic organism (usually photosynthetic host such 
as leguminous or non-leguminous plants, water fern, or liverwort) and a prokaryotic 
microorganism that fix N2 such as Rhizobium) (Sylvia et al., 2005). However, the highest 
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rates of N2 fixation in crops are coming from the legumes (e.g., beans, clover, and alfalfa) 
symbiotic relationships (Sylvia et al., 2005; Chapin et al., 2002). In these relationships, 
the microorganism causes the roots of legumes to form nodules in which the 
microorganism lives. In these nodules, microbes produce NH3 which then absorbed by 
the host legumes and/or by other plants that are grown in the same soil (Lindemann and 
Glover, 2003). 
Regardless the physiological and phylogenetic diversity among the nitrogen-fixer 
bacteria, they all share the same complex enzyme" nitrogenase" which stimulate the 
reduction of N2 to ammonia (NH3) under anaerobic conditions due to its sensitivity to 
oxygen. This nitrogenase enzyme is composed of two proteins: the iron-molybdenum 
(MoFe) protein (called dinitrogenase) and the iron (Fe) protein (called dinitrogenase 
reductase/nitrogenase reductase) (Sylvia et al., 2005). However, the N2 fixation is 
considered an expensive process energetically. The process requires two ATP molecules 
for each electron transferred from nitrogenase reductase to dinitrogenase. The nitrogenase 
reductase is recharged with electrons from a protein called ferredoxin or flavodoxin. 
Generally, to reduce 1 molecule of N2 into 2 molecules of NH3, a total of 16 ATP 
molecules are required (Paul, 2006). 
 
 
Microbiological assimilation in water 
 
Another different process of freshwater is the nitrogen fixation. The process is 
carried out by prokaryotes, either cyanobacteria (e.g., Anabaena and Nostoc) or bacteria 
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(e.g., Azotobacter and Clostridium). The process here is mediated by the nitrogenase 
enzyme as in the following reaction:                                                                                                                   
 




This process occurs under anaerobic conditions. However, there are three 
strategies for this process in the freshwater environments: development of specialized 
anaerobic cells (called heterocysts), nitrogen fixation and restriction to an anaerobic 
environment, and diurnal separation of photosynthesis (Sigee, 2005). 
 
1.1.5. Nitrogen loss 
 
Leaching and volatilization 
During the N cycles, some inorganic N species that cannot be retained by soil 





Nitrogen leaching in terrestrial ecosystem is a global concern. Most of dissolved 
N species are anions, which enter soil solution through different ways such as 
decomposition, atmospheric deposition, mineral weathering, and microbial 
transformation (Johnson and Cole, 1980). One of the important mobile anions in soils is 
nitrate (NO3
-
). Since nitrate is negative charged, it will not be attracted to negatively 
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charged clay mineral surfaces (Andrews, 1998). Nitrate loss below the effective root zone 
is detrimental to agricultural production. Furthermore, nitrate in water bodies could 




All ammonium and ammonia-based fertilizers have the potential to volatilize as 
ammonia gas (McInnes et al., 1986). Ammonium ions in soils are originated from 
mineralization of organic N and/or hydrolysis of urea (CO(NH2)2) based fertilizers. 
Volatilization depends on ammonium availability as well as the rate of urea hydrolysis 
(Urea + H2O  NH4
+
), and the rate at which the ammonium is then converted to 
ammonia gas by an enzyme called urease (Soares et al., 2012). These reactions are 
affected by the type of fertilizer placement and the environmental conditions (soil 
temperature, soil moisture, soil mineralogy, soil pH, and residence time between urea 
application and the first rain event or irrigation) (Ernst and Massey, 1960; Fenn and 
Kissel, 1976). Surface applied manures and urea fertilizers show much greater ammonia 
volatilization than the subsurface incorporation via tillage. The volatilization increases 
with increasing soil pH and soil temperature. The adequate soil moisture from rain events 
and irrigation will facilitate the hydrolysis reaction of urea. The conversion is expected to 
takes place below the soil surface, the process is perturbed by the sorption of ammonia 








            While abiotic processes (e.g., ammonium sorption in soils and nitrate leaching) 
directly control the mobility of N in soils and sediments, biotically controlled processes 
(e.g., nitrification and denitirfication) indirectly affect the fate and transport of N in 
environment since the processes alter the chemical speciation of N (e.g., conversion of 
ammonium to nitrate).  For this reason, any perturbation on microbially mediated 
processes becomes critical in sustaining the N cycles. Some microbial communities 
responsible for these N transformations are sensitive to changes in environmental 
conditions (e.g., pH, temperature) and anthropogenic inputs (e.g., xenobiotics and 
metals). Nitrifying organisms are generally known to be more sensitive to toxic 
chemicals than denitrifying bacteria since they require more time to recover from toxic 
shock loads than denitrifiers (Braam and Klapwijk, 1981; Hu et al., 2002; Ochoa-Herrera 
et al., 2011). In particular, the input of metals in the soils-water environments suppresses 
the activity of nitrifying bacteria (Rovita and Killorn, 2008). The following subsections 
summarize the classification of toxic metal(loid)s to nitrifying bacteria. 
 
 
1.2.1. Metals in Soil Environments and Classification of Metals 
 
 
Contamination of heavy metals in the environment has been increasing 
continuously because of anthropogenic inputs via industrial activities and technological 
development (Foster and Charlesworth, 1996). Despite that a large number of metals are 
essential for growth, some of these metals pose a significant threat to the, human and 
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ecosystem health with disrupt ecosystem structure and functioning for a long time, 
especially in excess. In environments, soils and sediments are considered the major sink 
of metal contaminants. The fate of metals highly depends on their partitioning processes 
(e.g., sorption and desorption) in inorganic and organic soil components. Concentrations 
of these metals in soil solutions also depend on the extent to which they interact with 
these soil components. Since metals can exist in both bioavailable (metals that can be 
taken readily by microbes, plants, or animals) and unavailable forms in the environment, 
only those that are bioavailable exert toxicity, especially as free ionic species (Roane et 
al., 2009). Currently, there are thirteen heavy metals and metalloids that considered as 
priority pollutants in the environment (Table 1.4). 
Metals are generally classified into light, heavy, metalloids, toxic and trace. This 
classification depends on several chemical and physical characteristics such as density, 
weight, atomic number, and degree of toxicity (Sparks, 2005). Among these types of 
metals, heavy metals are not still clearly defined. This is might be related to the fact that 
they include many of the transition metals, some metals, and metalloids (Sterritt and 
Lester, 1980). However, this group of metals is usually greater than five g/cm
3
 in density 
(Gadd and Griffiths, 1978). Metal pollutants are very different than other pollutants such 
as organics. The most important reason that distinguishes them from other pollutants is 
that metals are not degradable through biogeochemical/physical processes. This fact 
makes these metals persistent and difficult to remove from the environment. 
It is well known that heavy metals have a considerable effect on the activities of 
soil microorganisms and their mediated nutrient cycles (Liu et al., 2010). However, the 
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exact mechanism by which heavy metals affect soil bacteria is not yet clearly understood. 
Generally, scientists believe that the first step of this interaction is related to the uptake of 
free metal cations through a nonspecific metal inorganic transport system. When these 
metals inter the cell, heavy metals are known to form complexes with protein molecules 
which render them inactive, such as, inactivation of enzymes (Doelman et al., 1994). In 















) (Hu et al., 2002). The 
bioavailability and solubility of metals that determine their degree of toxicity often 
associated with the chemical reactivity Hard-Soft Acid-Base Concept (HSAB) to cellular 
functional groups.  Based on the class of HSAB of meta(loid), metal toxicity to 
microorganisms is discussed below. 
 
1.2.2. Hard-Soft Acid-Base Theory 
 
 
A helpful concept, which can be applied in determining the reactivity of metal 
complexes, is that of HSAB. This concept was first introduced by Pearson (1968). Based 
on the HSAB principle, Lewis acids and bases are classified into three categories, hard, 
soft, and borderline (Table 1.5) (Pearson, 1968). The soft bases are the electron donors 
that have high polarizability (or low electronegativity), or are easily oxidizable. The 
opposite properties apply for hard bases. Soft acids have low positive charge, large size, 
and completely filled outer orbitals. Polarizability, the ability to distort the electron cloud 
of a molecule, and low electronegativity depend on these properties. The opposite of this 
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will apply for hard acids. For borderline acids and bases, they are in between hard and 
soft. 
The rule relating to the interactions between acids and bases is that favorable 
interactions occur when both acid and base have similar electronic character. This means 
that hard acids prefer to interact with hard bases, and soft acids prefer to interact with soft 
bases. This can be explained in terms of the bond type between metals and ligands. Hard 
acids interact with hard bases by ionic or polar interactions, while soft acids and soft 
bases interact by covalent bonds (House and House, 2001). 
The hard acids (also known as class A cations) prefer to bind to oxygen-
containing ligands rather than to nitrogen and sulfur-containing ligands. For soft acids 
(class B cations) their sequence is sulfur-containing, nitrogen-containing, and then 
oxygen-containing ligands. Since borderline ions have properties of both class A and B, 
they have a high affinity for both oxygen- and nitrogen-containing ligands, while they 
can also bind to sulfur-containing ligands (Collins and Stotzky, 1992). 
The physicochemical parameters that describe softness of a heavy metal are 
known to show a good correlation with the metal’s lethal dose (LD50) (Collins and 
Stotzky, 1992). Jones and Vaughn (1978) suggested that the HSAB theory can be used to 
correlate metal toxicity and the relative effectiveness of therapeutic chelating agents with 
hardness and softness. Based on the HSAB classification of metals, most toxic heavy 
metals in the environment (especially to microbes) undergo the acids category. Moreover, 
heavy metals toxicity to nitrification based on the findings of Liang and Tabatabai, 
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(1978) and according to the HSAB theory, can be addressed in the following order: soft 
acids > hard acids > borderline acids. 
 
1.2.3. Toxicity of Soft Acids 
 
 
To assess the inhibitory effects of heavy metals on nitrifying bacteria, several 
researchers (Çeçen et al., 2010; Choi et al., 2008; and Radniecki et al., 2011) examined 
the effect of ionic silver (Ag) on nitrifying bacteria. In these studies, both free ionic silver 
and labile complexes have shown an extreme toxic effect on nitrification process. Çeçen 
et al. (2010) assessed the half maximal inhibitory concentration (IC50 ), which is a 
measure of the efficiency of a compound in inhibiting biological or biochemical function. 
This quantitative measure is an indicator of how much of a particular drug or inhibitor is 
needed to abolish a given biological process or component of a process by half. The study 
was based on the O2 and CO2 production when the nitrifying bacterial in sludge was 
exposed to silver. For an industrial wastewater derived from photographic film industry, 
concentration of [Ag]total found was 0.077 mg/L. Also, Radniecki et al., (2011) found that 
the IC50 for a pure culture of Nitrosomonas europaea is 0.08 mg/L of ionic silver (Ag
+
).  
Mercury (Hg) and cadmium (Cd) have also been found to inhibit the growth and activity 
of nitrifying bacteria. It is well known that Hg is considered one of the most toxic heavy 
metals. The effects of this metal on soil microbes have been extensively studied. In one 
study, it has been proved that Hg affected bacterial diversity in soil when microbial 
community in mercury-polluted soil (based on total community DNA) separated from the 
diversity in the control soil. Liu et al. (2010) found that the soil potential nitrification rate 
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(PNR) decreases with increasing soil Hg concentrations, with IC50 of 1.59 mg/L (Liu et 
al., 2010). Moreover, nitrification was completely inhibited when using 10 mg/L Hg in 
surface water collected at Chesapeake Bay (Babich and Stotzky, 1985). In the case of Cd, 
studies have shown that the application of this heavy metal decreases the maximum rate 
of nitrification by 70 %. This inhibition found to be more effective with the free ionic 
cadmium (Cd
2+
) (Madoni et al., 1999; Hu et al., 2002; Rovita and Killorn, 2008). When 
calculating the IC50 values based on O2 consumption, the order of inhibitory effect of the 
three heavy metals (Cd, Ag, and Hg) on nitrification was: Ag > Hg > Cd (Çeçen et al., 
2010). 
 
1.2.4. Toxicity of Hard Base/Acid 
 
 
Similar results of the inhibitory effect of heavy metals on nitrifying bacteria were 





) as hard acids. Beg and Hassan (1987) studied the individual effects of 
trivalent arsenic (As
3+
) on nitrification under continuous load in a packed bed biological 
flow reactor. Their results indicated a decreasing in the maximum rate of nitrification by 
50 %. In addition, Çeçen et al., (2010) found that the toxicity of Cr
3+
 to nitrifying bacteria 
is much similar to Cr
6+
 (IC50 = 0.72 mM for Cr
3+
 and 0.75 mM for Cr
6+






1.2.5. Toxicity of Borderline Acids 
 
One of the first systematic studies of the negative effect of borderline metals 
under the category of borderline acids on microbial activity was by Lees (1948). He 
studied the effect of Cu and Zn addition on nitrification in soils. Thereafter, numerous 
biogeochemical investigations were conducted to further support the metal toxicity to 
various microbially mediated processes in soils (e.g., Tyler, 1981; Domsch, 1984; 
Duxbury, 1985; Babich and Stotzky (1985); Doelman, 1986).  
Juliastuti et al. (2003) and Madoni et al. (1999) tested the inhibitory effect of the 






. In both studies, the 
antimicrobial effects were assessed via the measurements of ammonium uptake rate 
(AUR), oxygen uptake rate (OUR), and ISO 9509 test. However, there results indicated 
that the inhibitory effect of these ions (based on their concentrations) in a decreasing 
order of toxicity was found to be: Cu > Zn = Pb. Interestingly, when comparing the 
results of the ISO experiments with the results of OUR, the inhibition based on the ISO 
test (which is both less stodgy and less time-consuming) was higher than the inhibition 
based on measurements of the OUR (Juliastuti et al., 2003; Madoni et al., 1999). Lee et 
al. (1997) also found that ammonia-oxidizing bacteria (Nitrosomonas sp.) were equally or 
even more sensitive than nitrite-oxidizing bacteria (Nitrobacter sp.) when applied to 
nickel (Ni) in a continuous flow stirred tank reactors. 
While these studies showed the valuable findings of metal induced toxicity to soil 
bacteria, the data interpretation to the field scale processes remain difficult since 1) 
several heavy metals that co-exist  in soils could mask the toxicological response of a 
 20 
single metal, 2) there are uncertainties in spatial distribution of metals in heterogeneous 
soils (Çeçen et al., 2010), 3) metal speciation in solid phases (e.g., carbonates and sulfide) 
is not often considered  (Çeçen et al., 2010; Vig et al., 2003) and 4) there is a large 
variability in the scale of experiments (e.g., sampling size, laboratory/field scale studies) 
(Bååth, 1989). 
 




Based on the literature review in the previous section, it is clear that some 
metal(loid)s (e.g.,  Ag, Cu, Ni and Zn) exhibit “metal specific” toxicity to soil bacteria. 
While the concept of “dissolved metal” induced antimicrobial affects is well accepted, 
antimicrobial effects of metal particulates are relatively new to the field of soil 
microbiology. In particular, toxicology of engineered nanoparticles has received much 
attention in the last decades due to the advancement in nanotechnology. Today, nanoscale 
materials are used in wide range of areas such as pharmaceutical, biomedical, cosmetic, 
electronics, energy, environmental, catalytic and material applications (Nowack and 
Bucheli, 2007). According to the American Society for Testing Materials (ASTM), 
nanotechnology is defined as “technologies that measure, manipulate, or incorporate 
materials and/or features with at least one dimension between approximately 1 and 100 
nanometers (nm)”. Under this term, nanoparticles (NPs) are defined as particles with 
lengths in two or three dimensions from 1-100 nm (ASTM, 2006). This definition puts 
these NPs under the same size range of the ultrafine particles (air particles) and places 
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them as a sub-set of colloidal particles (aquatic and soil particles) (Figure 1.2) (Christian 
et al., 2008). 
Colloids in aquatic environments include organic materials (such as proteins, 
peptides, humic and fulvic acids) and metal (oxy)hydroxides. Despite that dissolved 
species are practically defined as those that pass through a 0.45 µm filter, this part is also 
include colloidal species that their bioavailability is largely different from truly soluble 
organic or ionic metal species. Considering the size of nano particulates, it is significantly 
larger than hydrated meta(loids) (Figure 1.2), however, it has been known to cause 
toxicity to microbes in soils and waters. 
 
1.3.1. Classification of nanoparticles 
 
 
Since NPs include a wide range of different materials with different chemical, 
physical and toxicological properties, they should not be considered as a sole alike group. 
Therefore, NPs are usually defined based on their origin substances (i.e. organic and 
inorganic). For example, organic NPs include fullerenes (C60 and C70 and derivatives) and 
carbon nanotubes (multi-walled or single walled CNTs). Inorganic NPs can be divided 
into metal oxides (zinc, iron, cerium, titanium, etc.), metals (silver and gold) and 
quantum dots (e.g., cadmium selenides). However, other classifications and terminologies 
are also used in the literature to refer some specific groups of nanomaterials such as 
nanocrystals (single crystal nanoparticles) and different morphologies such as pyramids, 
spheres and cubes. In addition, some classifications divide NPs based on their sources 
(natural or anthropogenic) (Table 1.6) (Nowack and Bucheli, 2007). Interestingly, some 
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NPs (such as those based on metals and fullerenes) have the ability to be modified (in 
their surfaces) in order to introduce specific functionalities for further applications (Nam 
and Lead, 2008). 
 
1.3.2. Environmental fate of nanoparticles 
  
Although nanotechnology has great potential in improving the quality of life 
through the use of nano-consumer and -industrial products, it can also lead to new 
environmental problems such as new classes of toxins (Masciangioli and Zhang, 2003; 
Biswas and Wu, 2005). Consequently, assessing the risk of NPs in the environment along 
with their effects on biota requires much knowledge about their environmental fate (such 
as mobility, reactivity and persistence in environments) (Deckers et al., 2009). However, 
behavior of engineered NPs in the environment (such as natural waters, sediments or 
soils) can be complex and involve several processes. Such processes include: 1) 
aggregation chemistry along with the ability of engineered NPs to form stable dispersions 
in water, 2) effects of particle shape, size, surface area and surface charge on aggregation 
chemistry and ecotoxicity, 3) adsorption of these NPs on surfaces, such as the exterior 
surfaces of organisms and 4) effect of other abiotic factors on the above processes 
including the influence of changing in the pH, salinity, water hardness, and the presence 





1.3.3. Mechanisms of nanoparticles toxicity to bacteria 
 
Although connection between properties of NPs and antimicrobial effects has 
been clearly illustrated in recent years, the mechanisms by which these NPs exhibit 
toxicity are at an early stage. Evidences have shown that NP toxicity, especially metallic 
NPs, is highly depends on its physical properties such as size, shape, surface coating 
which acts as a stabilizing, biocompatibility and/or reactivity agent, and synthesis 
methodology (Seil and Webster, 2012; Suresh et al., 2013).  
Multiple possible mechanisms have been reported in recent years showing modes 
of toxicity when NPs interact with bacterial cells (Figure 1.3). These mechanisms include 
membrane rupture, oxidative damage of proteins, DNA damage, interruption of electron 
transport, formation of reactive oxygen species (ROS), and release of toxic constituents 
(Klaine et al., 2008). However, and based on different studies (Table 1.7), different 
nanomaterials (NMs) usually exhibit different mechanisms. These differences are mainly 
depending on composition, surface modification, intrinsic properties, and the bacterial 
species themselves (Hajipour et al., 2012). 
Researchers have also found that small size (high surface area over volume ratio) 
and dissolution of metal NPs into ions can be more toxic to bacteria. Azam et al. showed 
that the antimicrobial activity of ZnO, CuO, and Fe2O3 against both Gram-negative (E. 
coli and P. aeruginosa) and Gram-positive (B. subtilis and S. aureus) increases with 
increase in surface-to-volume ratio of nanoparticles (Azam et al., 2012). Similar results 
also showed that toxicity of cerium oxide NPs, AgNPs, chitosan NPs, and copper-loaded 
NPs were size-dependent when applied on nitrifying bacteria (Nitrosomonas and 
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Nitrobacter), E. coli and B. subtilis (Pelletier et al., 2010; Choi and Hu, 2008; Qi et al., 
2004). Other studies on the toxicity of silver NPs and ZnO nanoparticles to E. coli and 





 rather than the NPs themselves (Sotiriou and Pratsinis, 2010; Li et al., 
2011; Choi and Hu, 2008).  
Nanoparticles have the ability to attach to bacterial membrane via electrostatic 
interaction and disrupt its integrity (Thill et al., 2006). However, disruption of cell 
membrane is nearly attributed to all types of NPs, especially small and positive zeta 
potential since they interact with negatively-charged bacterial surfaces. Another vital 
mechanism of nanotoxicity is the oxidative stress resulting from reactive oxygen species 
(ROS) (Seil and Webster, 2012; Tayel et al., 2011). Reactive oxygen specie is often 
generated via 1) ROS direct generation due to exposure to an acidic environment, such as 
lysosomes, either from NPs surfaces or from the released ions, 2) interaction of NPs with 
cellular organelles, 3) interaction between NPs and redox active proteins such as NADPH 
oxidase, and 4) interaction between NPs and cell surface receptors. Generally, ROS 
species can be subdivided into two types, radical ROS (hydroxide radicals or nitric oxide) 
and non-radical ROS (hydrogen peroxide) (Soenen et al., 2011). 
Nanoparticles also have the ability to disrupt DNA replication and cell division 
(Seil and Webster, 2012). Reactive oxygen species can also cause DNA damage. Studies 
of the antibacterial activity of copper iodide (CuI) nanoparticles on different bacterial 
species showed that inducing DNA damage and membrane ruptures are the possible 
mechanisms associated with CuI NPs. Moreover, these NPs reported to be effective at 
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low concentrations when applying to Gram-negative bacteria (Pramanik et al., 2012) 
because of the simpler cell membrane structure of these bacteria (Tayel et al., 2011). 
It has been also reported that NPs, such as gold NPs, exert antibacterial action by 
changing membrane potential and inhabit ATP synthesis which decrease bacterial 
metabolism (Cui et al., 2012). Mashino et al. (1999) studied the inhibition of E. coli 
growth by fullerene derivatives. They reported that the cationic ammonium fullerene 
derivatives inhibited E. coli growth, but no suppressed activities were found with anionic 
derivatives. Their results strongly indicate that the mechanism of the bacteriostatic effect 
was associated with metabolism (Mashino et al., 1999). 
Inactivation of cellular protein functions by silver nanoparticles (AgNPs) has also 
been reported by several researchers, since AgNPs are used widely as an antibacterial 
agent. It has been shown that one of the mechanisms of toxicity for AgNPs is by 
releasing Ag
+
 that binds to functional groups of proteins, resulting in protein denaturation 
(Sondi and Sondi, 2004). Protein and lipids also have been found to be targeted by 
reactive oxygen species that are produced by AgNPs (Cabiscol et al., 2000). 
Releasing of toxic components, such as soluble metal ions, that cause toxicity to 
microorganisms is well known and has received much attention, particularly by 
toxicological scientists. For example, a study for the toxicity of different forms of metal 
oxide nanocrystallites of ZnO, CuO and TiO2 to the bacterium Vibrio fischeri was 
conducted to evaluate the differences of toxicity among these NPs. For TiO2, no toxic 
effect was recorded (even at high concentrations), but ZnO and CuO NPs found to be 
toxic at 1.9 and 79 mg/L respectively. However, the mechanisms of toxicity were later 
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found, by using recombinant Zn and Cu specific sensor bacteria, to be mainly by the 
release of soluble ions (Heinlaan et al., 2008). 
 
1.4 Research Question and Hypothesis 
 
Metal nanoparticles (cerium oxides, copper, zinc oxide, titanium oxide, and 
elemental silver) have been widely produced for industrial and commercial applications 
(e.g., fuel additive and catalytic converters in automobiles, solar panels, etc.).  In 
particular, the production of silver nanoparticles has grown to be the second largest of all 
metal nanoparticles after titanium oxide nanoparticles (Hendren et al., 2011). Although 
the applications of silver NPs to our consumer products provide the beneficial 
antimicrobial property, it is also served as imminent threat to environmental safety and 
protection, especially to microbes. Some bacteria contribute to important nutrient cycles 
(e.g., immobilization, denitrification and nitrification and fixation in legumes) in 
sustaining the ecosystem health. Unfortunately, these microbes are sensitive to 
anthropogenic input including emerging nanoparticles. Perturbation of microbially 
mediated nutrient cycles could be detrimental to agricultural economy as well as water 
treatment plants that rely on the microbially mediated processes to remove nitrate and 
ammonia. 
Silver nanoparticles have been reported to exhibit a wide variety of toxicity 
effects to bacteria. Cell culture based studies have shown that exposure to the AgNPs has 
caused damage to cells/cellular functions. While these studies shed light on the current 
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NP toxicology research, the impact of AgNPs to the natural systems remains poorly 
understood. When AgNPs are released from the consumer products/appliances (e.g., 
athletic socks and washing machines), they enter the wastewater system, eventually 
sequestered in the sludge at wastewater treatment plants. As this sludge is commonly 
used as an agricultural amendment, AgNPs could easily enter soil/water environments. 
These solid components could potentially serve as a sink to suppress/enhance the 
bioavailability of silver to soil microbes. Unfortunately, the data for soils and sediments 
are insufficient to draw general conclusions. Thus far, the toxicity of engineered AgNPs 
in environmentally relevant systems (soils and sediments) has been rarely tested. For this 
reason, risk assessors and policy makers for engineered AgNPs struggle to regulate the 
use and production of AgNPs in consumer markets. The main focus of my thesis research 
was to assess the impact of manufactured AgNPs to soil microbes. In particular, I focused 
on the effect of AgNPs to soil nitrification process. Based on the current literature review, 
the following two hypotheses were developed. 
 
Hypothesis 1 (H1): Manufactured silver nanoparticles suppress the soil nitrification 
processes. 
 
Hypothesis 2 (H2): Sorption and dissolution of silver nanoparticles control the 






1.5 Research Objective and Tasks 
 
The objective of this study was to assess the toxicity of silver NPs to soil 
nitrification process as a function of the NP surface properties, size, and concentrations.   
To test the research hypotheses, the following two major tasks were planned; Task 1: 
Assessing the effect of AgNPs in soil nitrification process as a function of Ag 
concentration and species (ionic and NPs) and Task 2: Assessing the bioavailability of 






























































































Table 1.2: Enzymes and gene associated with common bacteria in N cycle (after 
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Table 1.3: A summary of the different types of diazotroph microorganisms (adapted from 
Sylvia et al., 2005; Paul, 2006). 
Diazotroph Microorganisms 
Free living Associative symbioses 
(loose associations with plant roots) 
Truly symbioses 












































Table 1.4: Heavy metals on the priority pollutant list in the environment with their 
natural and anthropogenic sources (After Sparks, 2005). 




Ag Free metal (Ag), chlorargyrite 
(AgCl), acanthite (Ag2S), copper, 
lead, zinc ores 
 
Mining, photographic industry 
 
As 
Metal arsenides and arsenates, sulfide 
ores (arsenopyrite), arsenolite 
(As2O3), volcanic gases, geothermal 
springs 
Pyrometallurgical industry, spoil 
heaps and tailings, smelting, wood 
preserving, fossil fuel combustion, 
poultry manure, pesticides, landfills 
Be Beryl (Be3Al2Si6O18), phenakite 
(Be2SiO4) 
 
Nuclear industry, electronic industry 
 
Cd 
Zinc carbonate and sulfide ores, 
copper carbonate and sulfide 
Mining and smelting, metal finishing, 
plastic industry, microlectronics, 
battery manufacture, landfills and 
refuse disposal, phosphate fertilizer, 




Chromite (FeCr2O4), eskolaite 
(Cr2O3) 
Metal finishing, plastic industry, 
wood treatment refineries, 





Native metal (Cu), chalcocite (Cu2S), 
chalcopyrite (CuFeS2) 
Mining and smelting, metal finishing, 
microelectronics, wood treatment, 
refuse disposal and landfills, 
pyrometallurgical industry, swine 





Native metal (Hg), cinnabar (HgS), 
degassed from Earth's crust and 
oceans 
Mining and smelting, electrolysis 
industry, plastic industry, refuse 
disposal/landfills, paper/pulp 
industry, fungicides 
Ni Ferromagnesian minerals, ferrous 
sulfide ores, pentlandite 
Iron and steel industry, mining and 
smelting, metal finishing, 
microelectronics, battery manufacture  
 
Pb 
Galena (PbS) Mining and smelting, iron and steel 
industry, refineries, paint industry, 
automobile exhaust, plumbing, 
battery manufacture, sewage sludge, 
refuse disposal/landfills, pesticides, 
scrapheaps 
Sb Stibnite (Sb2S3), geothermal springs Microelectronics, pyrometallurgical 




Free element (Se), ferroselite (FeSe2), 




Smelting, fossil fuel combustion, 
irrigation waters 
Table 1.4 continues  
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Tl Copper, lead, silver residues Pyrometallurgical industry, 




Sphalerite (ZnS), willemite 
(Zn2SiO4), smithsonite (ZnCO3) 
Mining and smelting, metal finishing, 
textile, microelectronics, refuse 
disposal and landfills, 
pyrometallurgical industry, sewage  

































Table 1.4, continued 





Table 1.5: Lewis bases and acids based on HSAB principle (After Pearson, 1968).  



















-, ROH, RO-, 
R2O, NH3, RNH2, N2H4  
 
 
H+, Li+, Na+, K+, Be2+, Mg2+, Ca2+, 
Sr2+, Mn2+, Al3+ , Sc2+, Ga2+, In3+, 
La3+, N3+, Cl3+, Gd3+, Lu3+ , Cr3+, 
Co3+, Fe3+, As3+, CH3Sn
3+, Si4+, Ti4+, 




VO2+, MoO2+, BeMe2, BF2, B(OR)3 






I7+, I3+, Cl7+, RCO+, CO2, NC
+ 















-, I-, SCN-, S2O3
2-, R3P, 
R3As, (RO)3P, CN
-, RNC, CO, C2H4, 
C6H6, H
-, R-  
 
 




Te4+, Tl3+, Tl(CH3)3, BH3, Ga(CH3)3 
GaCl3, GaI3, InCl3, RS
+, RSe+, RTe3+ 
I+, Br+, HO+, RO+, I2, Br2, ICN, etc. 
Trinitrobenzene, etc. 
Chloranil, quinones, etc. 
Tetracyanoethylene, etc. 
O, Cl, Br, I, N, RO+, RO2














2-, N2  
 
 
Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Pb2+, 
Sn2+, Sb3+, Bi3+, Rh3+, Ir3+, B(CH3)3, 
SO2, NO






















Table 1.6: Classification of nanoparticles. Source (After Nowack and Bucheli, 2007). 

















Organic colloids (such as 
humic, fulvic acids) and 
organisms (such as viruses, 
bacteria) 
Geogenic Soot (such as fullerenes) 















Oxides (such as magnetite) 




Oxides (such as Fe-oxides) 
and clays (such as 
allophane)  























Soot (such as Carbon 
Black, fullerenes, 
functionalized CNT) and 







By-product Combustion by-products 





Oxides (such as TiO2, 
SiO2), metals (such as Ag, 
iron), salts (such as metal-
phosphates) and 
aluminosilicates (such as 















Table 1.7: A summary of different bacterial nanotoxicity studies (After Suresh et al., 
2013). 

















































4 ± 1 
 
9 ± 2 







































































































E. coli, B. subtilis, S. 
oneidensis 
E. coli, B. subtilis,  
S. oneidensis 
B. subtilis, P. putida 
 
 E. coli, B. subtilis 
S. oneidensis 
E. coli, B. anthracis 
 




E. coli, B. subtilis, 
P. fluorescens 







































Cell wall and 
membrane disruption 
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S. pyogenes, S. 
saprophyticus 
E. coli, S. 
typhimurium 




S. iniae, E. tarda 













impaired growth & 
ROS 
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Table 1.7, continued 
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E. coli, B. atrophaeus 
Substrate induced 
respiration & DNA 
damage 
Bactericidal 






Non-toxic & increased 































Figure 1.2: Size domains and typical representatives of natural colloids and 
nanoparticles. Operationally defined cut-off is given for filtration at 0.45 µm (Modified 
















Figure 1.3: Possible mechanisms of NPs toxicity to bacteria. Depending on the type of 
NPs, one or more of these mechanisms have been suggested. Cyt = cytochrome. ROS = 
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MACROSCOPIC INVESTIGATION OF IONIC- AND 






The release of silver nanoparticles (AgNPs) from the use of consumer products to 
environment has raised concern about the risk to ecosystems because of its unpredictable 
toxicological impact to microorganisms in terrestrial environment. In this study, the 
impact of Ag chemical speciation (Ag
+
 and AgNPs (50nm uncoated and 15nm PVP-
coated AgNPs)) to soil nitrification process was investigated using a batch soil-slurry 
nitrification method along with sorption isotherm and dissolution experiments. The 
results of nitrification potential (i.e., kinetic rate) suggest that Ag
+
/AgNPs, which 
strongly sorb in soils, suppressed the nitrification processes. Interestingly, the 
antimicrobial effect was dependent on chemical forms and concentrations. Among each 
chemical species, the degree of suppression increased with increasing [Ag]Total. However, 
PVP coated 15nm AgNPs were more effectively suppressed the nitrification process than 
ionic silver and 50nm uncoated AgNPs under the same concentration. Although several 
toxicity mechanisms of dispersed AgNPs have been reported in literature, it is not clearly 
understood how PVP coated AgNPs could exhibit greater toxicity to nitrifying bacteria 
than ionic silver in soils. In assessing the impact of AgNPs to microbial mediated 
processes (e.g., N cycles) in terrestrial environment, it might be critical in investigating 




Nanotechnology has grown since the mid-1980s (Drexler, 2004), and is expected 
to become trillion-dollar market by 2015 (Nel et al., 2006). Today, engineered 
nanoparticles (ENPs) are widely used in household products, biomedical supplies, 
cosmetics, electronics, and other commercial applications (e.g., Nel et al., 2006; Nowack 
and Bucheli, 2007). Growing attention has been raised about their risk to ecosystems 
(e.g., Wiesner, 2006; Nowack and Bucheli, 2007; Klaine et al., 2008). Several studies 
have been conducted to quantify the release of NPs to the environment. A modeling 
scenario by Gottschalk and coworkers identified the primary sinks for other metallic NPs 
(silver and TiO2) as: 1) landfills, 2) soils, and 3) sediments (Gottschalk et al., 2009). 
However, the overall impact of NPs on natural environments remains largely unknown 
(Guzman et al., 2006; Suresh et al., 2013). Any impact of ENPs as contaminants in 
terrestrial environments could potentially affect microbially mediated nutrient and trace 
element cycles. Although the toxicity of ENPs (e.g., ZnO, CuO, Cu, Fe2O3, CeO2, Ag) to 
bacteria, including nitrifying bacteria (Nitrosomonas and Nitrobacter), Eschericia coli, 
Pseudomonas aeruginosa, Staphylococcus aureus and Bacillus subtilis, has been 
extensively studied under pure culture media (e.g., Qi et al., 2004; Choi and Hu, 2008; 
Sotiriou and Pratsinis, 2010; Pelletier et al., 2010; Li et al., 2011; Azam et al., 2012), 
these toxicological data are often difficult to extrapolate to the ecosystem scale. Natural 
environments, such as soil and sediment systems, may provide additional surface sites to 
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reduce or enhance the bioavailability of ENPs that correspond to the actual response in 
heterogeneous environments. 
Several studies on the toxicity of fullerene (C60) NPs on soil bacteria and 
microbial community in soil components have already showed less toxicity (Tong et al., 
2007 and Johansen et al., 2008), than what has been observed under water suspension 
media (Lyon et al., 2005). This clearly shows the validity of toxicological assessment in 
the adsorbent system. 
In this study, the impacts of AgNPs on nitrifying bacteria were investigated in an 
agricultural soil. These bacteria are essential players in the nitrogen cycle, in which they 
convert ammonium to nitrite to nitrate. This process is depended upon in agricultural 
environments, in order to ensure fertilizer efficiency, as well as in wastewater treatment 
plants for the removal of ammonium from wastewater. The objective of the study was to 
assess the effects of manufactured AgNPs and ionic Ag on nitrifying bacteria under 
aerobic terrestrial soil-water conditions, as well as to investigate sorption and dissolution 
of AgNPs and ionic silver under the same conditions. 
Nitrification kinetics were evaluated using a shaken soil-slurry nitrification 
potential method (Hart et al., 1994). The toxicity of AgNPs with and without a 
polyvinylpyrrolidone (PVP) surface coating was investigated. The results obtained in this 
study will provide valuable evidence to regulating bodies in their difficult task of 








Surface soil (top 0-30 cm) of Toccoa sandy loam (coarse-loamy, thermic typic 
Udifluvents) was collected from the Clemson University organic farm (SC, USA). The 
moisture content of soil was kept at field capacity at room temperature prior to 
nitrification experiments. 
Characterization of soil was reported in the work by VandeVoort and Arai, 
(2012). Cation exchange capacity (CEC), % organic matter (OM), and pH are 7.4 cmolc 
kg
−1
, 1.5% and 5.2  0.2, respectively.  Clay mineralogy is quartz, and kaolinite, 
hydroxyl interlayer vermiculite, gibbsite, and hematite, goethite.  The following silver 
nanoparticles were obtained from commercial companies (US Research Nanomaterials, 
Inc. Huston, TX and Nanostructured & Amorphous Materials, Inc. Huston, TX). 
Physicochemical characteristics are summarized in Table 2.1.  
All reagents were prepared in distilled deionized MilliQ water (18.  MΩ ) using 
the following ACS grade salts. All  .45 μm membrane microfiltration (MF) filters 
(Millipore) and 1 kDa centrifugal ultrafiltration (UF) filters (Pall-Gellman Microsep) 
were preconditioned with 0.1 M copper nitrate (Cu(NO3)2) before use in dissolution, 
partitioning and retention experiments to minimize Ag+ adsorption by membrane 







Batch Nitrification Kinetic Experiments 
 
Shaken soil-slurry method was used to assess nitrification kinetics in the soil. The 
method assesse the maximum rate (V max: nitrification potential) of nitrification in a soil, 
as well as an indicator of the size of ammonium oxidizers communities. In this method, 
tested soil samples are incubated under ideal conditions (water content, NH4
+
, aeration, 
and P availability) (Hart et al., 1994). The procedures described here are specific for 
assessing soil nitrification potential using the shaken soil-slurry method, which was 
adapted from Hart et al., (1994). For the control batch, the following solutions were 
combined and brought up to the volume in a 1 L volumetric flask: 1 mM of ammonium 
phosphate monobasic (NH4H2PO4) stock solution and 0.25 mM of ammonium sulfate 
(NH4)2SO4 stock solution. Two types of silver nanoparticles (Ag-NPs) were used in this 
experiment. First, uncoated superfine silver powder (50 nm) purchased from Inframat 
Advanced Materials. Second, polymer coated silver (15 nm) purchased from 
Nanostructured and Amorphous Materials, Inc. The ionic silver (Ag
+
) was prepared as 
silver sulfate (Ag2SO4). In addition, sodium azide (NaN3) was used as an antimicrobial 
agent (Skipper and Westerman, 1973) (total concentration of 65-500 mg/L). The purpose 
of experiments with NaN3 was to observe the NO3
-
 levels under abiotically controlled 
environment. Appropriate amounts of Ag/AgNP stock solutions were added to assure the 
total Ag concentrations: 0, 1, 10, 100, and 300 mg/L. For all solutions, the pH was 
adjusted at 7.2±0.2 using 0.1-1M NaOH. Then, 9 g of field-moist soil (moisture 
content=18.44 %) was placed into 125 mL Erlenmeyer flasks. Each system consists of 
twelve replicates. The reason of using twelve samples is to increase the accuracy of later 
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statistical analysis due to the heterogeneity of soils. Sixty mL of the above combined 
solution was added to the soil sample and capped with a vented Parafilm (to allow gas 
exchange). Flasks were then placed on an orbital shaker at 180 rpm for 24 h. Ten mL of 
soil slurry from each flask was sampled 4 times during the 24 h period (after 2, 4, 22, and 
24 h). These times found to be the most efficient scheme for estimating nitrification rate 
in soil by concentrating the sampling at the beginning and end of the incubation. The 24 h 
period was chosen since it is found to provide sufficient sensitivity for most soils systems 
(Hart et al., 1994). At each sampling time, soil suspensions were centrifuged at 8,000 x g 
for 8 min. Five mL of the supernatant from each tube was then placed in a disposable 









 analysis, solutions were thawed and immediately analyzed using 
salicylic acid colorimetric technique at wavelength of 420 nm (detection limit: 0.4 mg/L 
NO3
-
-N) (Cataldo et al., 1975). The chemical compositions of two reagents are 5% 
salicylic acid (5 g of sodium salicylate dissolved in 100 mL of H2SO4) and 1.7 M NaOH 
solutions. A 80 µL of the solution was transferred to 8 mL cuvettes (1/100 ratio of sample 
to reagents). A 0.32 mL of 5% salicylic acid solution was then added. After sufficient 
time for solution to cool, 7.6 mL of 1.7 M NaOH was added to the cuvettes. After 30 min 
of cooling, absorbance values were read in the colorimetric analysis. During these sample 




 (mg N L
-1
) were then calculated using a nitrate standard curve. 
These concentrations were used to calculate nitrate production (mg N kg
-1
 soil) using the 
following equation: 
 
Nitrate production (mg N/kg soil) = nitrate (mg/L) *   
                (  )                    (  )






The maximum rate (V max) of nitrification in each flask was calculated by measuring the 
slope of nitrate production over time via linear regression analysis, which give us the rate of 










Values of (V max) of 11-12 flasks in different silver systems were compared with the 
control using a T-test function in the Microsoft excel program®. The Vmax in each 




coated and uncoated Ag-NPs were assessed based on p<0.01. 
 
Ionic Silver and Nanosilver Sorption Experiments 
Sorption of silver (both ionic and nano silver) were evaluated in the same soil 
used in the nitrification experiments. Two suspension densities (2 g oven dry soil in 30 
ml for ionic silver and 1 g oven dry soil in 30 ml for AgNPs), which approximate the 
suspension density of the nitrification samples, were prepared in the same nutrient 
solutions used in nitrification experiments. Ionic silver stock solutions were added to 
 60 





polycarbonate centrifuge tubes. Similarly, AgNP stock solutions were added to assure 
[Ag] total ranging from 10 to 500 mg l
-1
. For the ionic silver experiment, centrifuge tubes 
were rotated on an end-over-end shaker at 30 rpm for 48 hr. Samples were then passed 
through 0.2 m PVDF filters, and tested for total trace metal (e.g., Ag) via Inductively 
Coupled Plasma (ICP)-Atomic Emission Spectroscopy (AES). For the AgNP 
experiments, nanoparticles were added to soils suspended in the same nutrient solution 
and shaken end-over-end at 30 rpm for 24 h. The samples were then centrifuged at 7000 
g for 8 min. and the supernatants filtered by centrifugation using microfilter centrifuge 
tubes (washed with copper nitrate to prevent reaction of AgNP with the filter) at 3750 g 
for 20 min. 5 ml of 5M nitric acid was then added to the aliquot for AgNP digestion for 
one week. After the digestion, the aliquot were analyzed for total metals using ICP-AES. 
To facilitate the data comparison, distribution coeffient value (Kd) was estimated using 
the following equation. 
Kd (ml/g) = Ai / Ci 
Where Ai = concentration of adsorbate on the solid at equilibrium (mg/g), 
Ci = total dissolved adsorbate concentration remaining in solution at equilibrium (mg/ml). 
 
Silver Nanoparticle Dissolution Studies 
 
Silver nanoparticle dissolution is important, in that “dissolved ionic silver” may exhibit 
different toxicity mechanisms to bacteria than nanosilver particles. For this reason, each type of 




Ag50 and 250 mg 1
-1
 for pAg15). The dissolution experiments were conducted in oxic 
conditions. The pH of the solution was maintained at pH 7.2 using a 2-(N 
morpholino)ethanesulfonic acid sodium salt (MES) buffer. Samples were then shaken end-
over-end at 30 rpm at sample periods ranging from 1 to 5 days. Each day, one sample was 
filtered by centrifugation using microfilter centrifuge tubes (washed with copper nitrate) at 
3750 g for 20 min to separate AgNPs from suspension. The resulting aliquot solutions were 
then analyzed for total silver concentration using ICP-AES. 
 
2.4 Results and Discussion 
 
 
Batch Nitrification Kinetic Experiments 
 
     The results from the nitrification kinetic experiments are shown in Table 2.2 and 
Figures 2.1 - 2.5. The figures present the different treatment conditions with their different 
concentrations, while the table summarize and compare all treatments to that of control. For 
each treatment, the kinetic rate (k value) of the NO3
-
 production was calculated from linear fits 
of zero-order kinetic model (constant rate). Theses k values were then compared statistically 
with control A (buffered) using a student’s t-test. Based on these comparisons, 90% of the 
treatments were significantly different from that of control (p < 0.01). 
The goodness of linear fit in the present study was relatively correlated with the 
increase in concentrations in the different treatments (NaN3, Ag
+
 and AgNP).  For example, R
2
 
values in both controls systems were > 0.90, but this value dramatically decreased with the 
application of 500 mg/L NaN3 and 10 mg/L coated AgNP (0.044 and 0.204, respectively). This 
variability in data points might be attributed to 1) the heterogeneous distribution of background 
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nitrate in soils and 2) variable changes in microbial community. It is well known that nitrate is 
mobile in soils and can be readily leached in terrestrial environments. However, some 
researchers have reported a spatial variability and non-uniformity in nitrate content within 
same soils (Robertson et al., 1988; Allaire-Leung et al., 2001). It should also be noted that 
kinetics of microbial community changes could potentially contribute to the variability in 12 
replicates. Carrero-Colón et al. (2006) reported that temporal changes in nutrient availability, 
growth rate and substrate affinity can alter the microbial community structure while others 
showed a shift in microbial community activity and structure in soils that were incubated with 




     The kinetic rate of the buffered (pH= 7.2±0.2) control treatment (Figure 2.1 A) 
showed a high rate of NO3
-






), while low 






) was observed with unbuffered (pH= 4.76) control 
treatment (Figure 2.1 B). This was expected since nitrification rate has been recorded to be 
reduced in acidic soils (Allison and Prosser, 1993; De Boer and Kowalchuk, 2001). 
Interestingly, some research evidence recorded a higher nitrate production at pH 4 than that of 
pH 6 in acidic soils (Martikainen and De Boer, 1993). In contrast, it has been stated that 
nitrifying bacteria require much higher pH values under laboratory grown pure cultures (Jiang 
and Bakken, 1999) with optimal pH of 8.1 for Nitrosomonas and pH of 7.9 for Nitrobacter 
(Grunditz and Dalhammar, 2001). For example, no growth was recorded under pH 7 for 
Nitrosomonas europaea when tested in liquid batch culture (Allison and Prosser, 1993). 
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Moreover, growth of nitrifying bacteria has been stated to be much faster under shaken soil 
suspension (generation time= 21.7 hr) when compared with other techniques such as static 
incubation of moist soil (generation time 129-140 hr) (Belser, 1979), which explain the fast 
growth of nitrifying bacteria in the present study. 
One should ask a question if the rate of nitrification in (un)buffered systems represents 
the soil nitrification processes. It could be contributed by the native nitrate prior to the 
experiments. To evaluate the nitrification process in (un)buffered systems, sodium azide 
(antimicrobial agent) (Skipper and Westerman, 1973) was used to monitor the release of 
background nitrate in soils. Addition of NaN3 (65 and 500 mg/L) (Figures 2.2 A and 2.2 B, 







). This treatment of 500 mg/L NaN3 exhibited the lowest rate of nitrate 
production among all other treatments. Since the release of nitrate in (un)buffered systems are 






) than that in sodium azide systems, it is 
reasonable to say that the rate of nitrification observed in (un)buffered systems should 
represent biotically controlled nitrate release (i.e., nitrification). 
 
Effects of ionic silver 
In the ionic silver(Ag
+
) treatments, kinetic rates of 1 and 10 mg/L of Ag
+
 (as 
Ag2SO4) (Figures 2.3 A and 2.3 B, respectively) were both statistically different from the 







) than that of control was observed. In the addition of 10 mg/L Ag
+
, nitrate 




) is known to exhibit toxicity mainly by reacting with amino 
acids in proteins, more specifically with the thiol groups (CySH and glutathione) (Russell 
et al., 1994; Liau et al., 1997). However, other mechanisms such as inhibition of several 
oxidative enzymes, surface binding and damage to membrane, suppressing DNA 
replication abilities, and generation of reactive oxygen species (ROS) also have been 
documented (Clement and Jarrett, 1994; Feng et al., 2000; Park et al., 2009). Conducted 
studies on nitrifying bacteria also revealed similar mechanisms of toxicity. In a study 
conducted by Radniecki et al. (2011) in a broth media, 0.08 mg/L Ag
+
 (as AgNO3) 
decreased nitrification activity (N. europaea) by 50 %. In their study, modes of action 
were mainly caused by the inhibition of both ammonia monooxygenase-specific oxygen 
uptake rates (AMO-SOURs) and hydroxylamine oxidoreductase-specific oxygen uptake 
rates (HAO-SOURs), and the destabilization of the outer-membrane of the bacterial cells. 
As they reported, damage to the outer membrane was due to the decrease in intracellular 
K
+
 levels (Radniecki et al., 2011). In a recent study, the toxicity to AMO in N. europaea 
found to be more related to specific genes. Yang et al. (2013) found that 2.5 µg/L of Ag
+
 
(as AgNO3) upregulated the AMO genes amoA1 and amoC2 by 2.1 to 3.3-fold (Yang et 
al., 2013).  Based on the literature review, it is likely that ionic silver driven antimicrobial 
effect is suppressing the nitrification process in the soils (Figures 2.3 A and 2.3 B). 
 
Effects of silver nanoparticles 
 
With the addition of uncoated 50nm Ag-NP, k values of 1, 10, 100, and 300 mg/L 
(Figures 2.4 A through 2.4 D, respectively) displayed an inverse relationship with the 
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[Ag]total  added concentrations. The treatment at the lower concentration of uncoated 
AgNP (1 mg/L) was the only one that did not show any difference from the control 






). In other treatments of uncoated AgNP 







, respectively) with increasing AgNP concentrations. On the other hand, 
treatments of PVP coated 15nm Ag-NP (Figures 2.5 A and B) of both 1 and 10 mg/L 







respectively) comparing to uncoated AgNP treatments. 
Mechanisms of AgNP toxicity to bacterial cells reported in literatures seems to be 
contradicted. Several studies have demonstrated that toxicity of AgNP are mostly caused 
by the release of Ag
+
 via dissolution, while other mechanisms were also associated such 
as destabilization of the outer membrane and reduction of intracellular ATP levels (Lok 
et al., 2006; Lok et al., 2007; Jin et al., 2010). Lok et al. (2007) showed that the 
antibacterial activities of AgNP are more dependent on oxidized surfaces, which are more 
present in well-dispersed suspensions. El Badawy et al. (2010) revealed that AgNP 
toxicity to Bacillus species was surface charge-dependent, with the primary mechanism 
of damaging cellular membrane. In their study, 4 types of differently charged AgNP were 
used: uncoated, PVP-coated, citrate-coated, and branched polyethyleneimine (BPEI) 
AgNP (El Badawy et al., 2010). 
Yet, nitrifying bacteria were not among the tested bacterial strains in the above 
studies, which seem to be slightly different in perspective of mechanisms of toxicity. 
Choi and Hu (2008, 2009) reported that nitrification inhibition by AgNP, under a 
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continuously stirred tank reactor media, is dependent on the generation of reactive 
oxygen species (ROS) and particle size. Moreover, they found that 1 mg/L of AgNP 
coated with polyvinyle alcohol (PVA) significantly inhibited nitrification process (by 86 
%), while no disruption of cell membrane integrity was observed under the same 
concentration (Choi and Hu, 2008; Choi and Hu, 2009). In other studies, toxicity to pure 
culture of N. europaea found to be related to both, release of dissolve silver and the 
impact on important functional proteins such as ATP synthase, AMO and HAO (Yuan et 
al., 2012; Yang et al., 2013). 
However, most of the previous research performed under pure culture media and 
did not include more complex natural substances such as soils. Comparing to our 
findings, it seems that the present of natural substances is more likely to reduce Ag
+
 and 
AgNP toxicity to bacteria (specially nitrifying bacteria) based on total mass added Ag. 
This is likely due to sorption of NPs and Ag+. Our batch sorption data indicate high 
retention capacity of soils for Ag+ and AgNPs. When comparing the mode of action of 
Ag
+
 versus AgNP to bacterial species, few studies have shown that Ag
+
 is the definitive 
toxicant (Xiu et al., 2011; Xiu et al., 2012). In these studies, lack of toxicity of AgNP was 
observed when performed under strictly anaerobic condition, which prevent the oxidation 
of Ag(0) (which also prevent Ag
+
 release). In contrast, their studies did not find a 
significant difference in the toxicity of Ag
+
 under aerobic versus anaerobic condition. 
However, it has been clearly seen throughout our study that the toxicity of AgNPs to 
nitrifying bacteria is dependent on several factors such as size, total Ag concentration, 
coating agents, O2 availability, present of ligands (e.g., nutrients and organic acids), and 
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present of inorganic and organic soil components. All of which indicate a different 
interaction of AgNP with the surrounding components once present in terrestrial 
environments. We also found that PVP coated-AgNP (15nm) exhibited the highest 
toxicity to nitrifying bacteria among all other treatments (based on total Ag added).   
Highly dispersed nature of PVP coated-AgNPs facilitated the dissolution of Ag+, 
resulting in pronounced toxicity. 
 
Ionic Silver and Nanosilver Sorption Experiments 
 
Partitioning coefficient (Kd) values are summarized in Table 2.3. When the initial 
concentration (Ci) are compared with the equilibrium concentration (Ceq) in Table 2.3, it 
is clear that nearly 100 % of AgNP and ionic silver (Ag
+
) are sorbed to soils, suggesting 
the high affinity of  Ag
+
 and AgNPs in these soils. The strong interactions of AgNPs in 
soils and sediments are consistent with the previous reports (Cornelis et al., 2012; Park et 
al., 2013; Schlich et al., 2013; VandeVoort and Arai, 2012). 
The Kd values for AgNPs are ranging from 93,137 to 418,088 for uncoated AgNPs 
and form 3,696 to 7,726 for PVP coated-AgNPs,  The results showed a less partitioning 
of PVP coated AgNP (e.g., Kd = 7726.95) into soil particles when comparing to uncoated 
AgNP (e.g., Kd = 418088.47). This was expected since uncharged PVP capping agent is 
known to increase stability of nanoparticles (dispersed) (Huynh and Chen, 2011). This 
might induce the steric repulsion transport process in soil media. Park and co-workers 
reported that nearly 100 % of citrate-capped AgNP was retained in sediments and/or 
loamy soil (Kd = 100,000 and 76,433, respectively) (Park et al., 2013). Furthermore, re-
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calculated for Kd values in the work by Cornelis et al., 0.1% PVP coated AgNPs showed 
the Kd values of approximately 125,000 mL/g that is comparable to our Kd: 93137 ml/g 
for uncoated-AgNPs. 
Sorption of ionic Ag to Taccoa Entisoil yields in the Kd value (mL/g) of ~779 -
1,771 (Table 2.3). These Kd values are similar to the values (average Kd of 1,791 mL/g 
with initial Ag concentration of 1.10 mg/kg) reported in 16 types of Australian soils 
(Cornelis et al., 2012). Many argued that the soil organic matter (SOM) and/or total 
carbon content is the key in assessing the affinity of Ag
+
 (soft metal) in soils due to the 
metal-chelating complexes with thiol functional groups (soft base) in  humic substances 
(Akcay et al., 2003; Bell and Kramer, 1999; Cornelis et al., 2012; Jacobson et al., 2005). 
Beside organic matter, other soil properties such as pH and ionic strength, and clay 
minerals content (Fe and Al oxides) also have been discussed as vital roles in determining 
the fate and bioavailability of Ag
+
 and AgNPs in natural soils (Cornelis et al., 2010; 
Cornelis et al., 2012). 
 
Silver Nanoparticle Dissolution Studies 
 
Dissolution data of uncoated (50nm) and PVP coated (15nm) AgNPs are showed 
in Figures 2.6 and 2.7 respectively. PVP coated AgNPs released more ionic silver (Ag
+
) 
than uncoated AgNPs during the dissolution experiments. While PVP coated AgNPs 
released 7.9-8.7 mg/L, uncoated AgNPs released less than 0.55 mg/L in 5 days. In the 
first 24 hr, PVP coated NPs had the highest release of [Ag]total with 3.49 % (8.72 mg/L) 
comparing with uncoated AgNP (0.1 % with 0.525 mg/L). The difference was expected 
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since coating agents (such as PVP) have been proofed to stabilize AgNP against 
aggregation and increase its dispersion (El Badawy et al., 2010; Lin et al., 2012). The 
high surface area of dispersed NPs facilitates the dissolution. Furthermore, aerobic 
condition also has an important role in the AgNP dissolution. Oxidative dissolution of 
elemental Ag(0) like Ag(0)NPs has been frequently documented in literature. In a study 
conducted recently by Liu and Hurt (2010), kinetic dissolution of citrate-stabilized AgNP 
found to be dependent on different environmental conditions such as dissolved oxygen 
conc., pH, temperature and natural organic matter when tested under aqueous conditions. 
In their findings, maximum dissolved Ag
+
 (~ 0.3 mg/L) was recorded under oxic 
conditions in the first 24 hr, which correlate well with our findings, while no detectable 
level of  dissolved Ag
+
 was observed under anoxic conditions (Liu and Hurt, 2010). 
Interestingly, the release of Ag
+
 from these AgNPs decreased with increasing time 
(days). While one can suggest the re-sorption of dissolved Ag
+
 onto AgNPs, kinetically 
limited ligand sorption on NPs is likely to retard the dissolution process. The major 
components of nutrient solutions are phosphate and sulfate in this dissolution 
experiments. It is likely that sorption of these anions is suppressing the AgNP dissolution. 
Choi and co-workers (2009) previously reported that the effects of anions on the 





















This study showed the statistical assessment of soil nitrification kinetics inhibited 
by ionic Ag and AgNPs under oxic condition. It is clear that silver based compounds used 
in this study had some inhibitory effects to soil nitrification process, and observed 
toxicity to nitrification process was dependent on the concentration and the chemical 
species. 
At 1 mg/L of [Ag]total,  NPs were far more toxic than ionic Ag. This difference in 
toxicity is likely caused by the Ag
+
 complexation processes with inorganic and organic 
soil components. In particular, soft basic ligands in soils (e.g., thiol functional groups of 
organic matter) could have chelated with 1 mg/L of Ag
+
, effectively reducing the toxicity 
of Ag
+
 in soils. Within NPs, PVP-coated 15nm AgNPs was far more toxic than uncoated 
50nm AgNPs. PVP capped AgNPs were highly dispersed and released more Ag
+
 than 
uncapped NPs as evident in the dissolution experiments. The reactivity of PVP capped 
AgNPs induced the greater toxicity to nitrifying bacteria than uncoated AgNPs did. 
Interestingly, at 10 mg/L of [Ag]total, PVP coated NPs was most effective in suppressing 
the nitrification process than ionic Ag and uncoated NPs. Although some toxicity 
mechanisms for dispersed AgNPs have been discussed above, it is not clearly understood 
how PVP coated NPs exhibited the toxicity to nitrifying bacteria at the soil-water 
interface. 
When the dose-response relationship of Ag+/AgNPs to bacteria was compared 
with the literature values,  the toxicity of ionic- and nano-silver in this study seems to be 
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much lower (~125 and 1 folds, respectively) than those observed in laboratory pure 
culture media (Choi and Hu, 2008; Choi and Hu, 2009; Radniecki et al., 2011). 
According to these studies, 0.08 mg/L of Ag
+ 
and 1 mg/L of polyvinyl alcohol (PVA)-
coated AgNP reduced nitrification process by 50% and 86%, respectively. Comparing to 
our soil nitrification study, toxicity of 1 mg/L of Ag
+
 was not statistically different from 
the control. This difference in the dose-response relationship is likely caused by the 
partitioning processes of Ag
+
 and AgNPs in soils. The strong interactions of AgNPs with 
soil surfaces, as well as complex secondary reactions of AgNPs (e.g., dissolution and 
ligand complexation) with inorganic and organic soil components, could potentially 
suppress or enhanced the toxicity to soil microorganisms. 
Overall, this study sheds light on AgNPs toxicity to nitrifying bacteria in 
heterogeneous soil systems. Greater research effort is needed in understanding the role of 
environmental media (e.g., soils, sediments, suspended solids) that control the 







  Table 2.1: Silver nanoparticles used in nitrification and isotherm experiments. 
 Superfine Silver Powder Polymer coated silver (10 
wt%) 
Source Inframat Advanced Materials  Nanostructured & Amorphous 
Materials, Inc. 
Abbreviation  Ag50 pAg15 
Purity 99.95% 10% 
























Table 2.2: Nitrification kinetics by native soil bacteria under oxic condition. The reaction 
condition describes the type of chemical applied to the nitrification batch system followed by the 
concentration in mg 1
-1
. pH indicates pH values after 24 hr of nitrification experiments. Kinetic 
rate (k) was calculated from linear fits of zero-order kinetic model, while R
2
 indicates the 
goodness of the fitted line of these models. The T-test values indicate the difference from the 
control (buffered system). 






5.8-5.91 1.593 0.938 n/a 
Control_B
b 
4.78-4.93 0.974 0.968 n/a 
Ag
+




_10 5.73-5.78 0.836 0.628 0.0003
 c
 
NaN3_65 5.63-5.73 0.485 0.944 0.00
 c
 
NaN3_500 5.64-5.67 0.014 0.044 0.00
 c
 
uAg50_1 5.51-5.59 1.355 0.978 0.034 
uAg50_10 5.61-5.69 1.127 0.981 0.0003
 c
 
uAg50_100 5.64-5.73 0.727 0.963 0.00
 c
 
uAg50_300 5.65-5.74 0.157 0.762 0.00
 c
 
PAg15_1 5.51-5.60 0.891 0.998 0.00
 c
 




 performed under buffered nutrient solution (pH = 7.2); 
b
 performed under unbuffered nutrient 
solution (pH = 4.76); 
c











Table 2.3: A summary of observed data of ionic and nano Ag sorption experiment. 



























 initial concentration of [Ag]total in the spiked soil/solution suspension; 
b
 equilibrium 
concentration remaining in solution after filtration; 
c






















       Figure 2.1: Nitrification potential (rate of nitrification) in Taccoa Entisol in            
buffered (A) and unbuffered (B) nutrient solutions (1 mM ammonium phosphate 
monobasic and 0.25 mM ammonium sulfate). 
 
 
y = 1.5931x + 31.895 































y = 0.9744x + 79.368 
































         Figure 2.2: Nitrification potential (rate of nitrification) in Taccoa Entisol in the               
presence of 65 mg/L of NaN3 (A) and 500 mg/L of NaN3 (B) in buffered  
         nutrient solutions (1 mM ammonium phosphate monobasic and 0.25 mM 
ammonium sulfate).  
 
y = 0.4852x + 31.989 



























y = 0.0143x + 36.258 


































       Figure 2.3: Nitrification potential (rate of nitrification) in Taccoa Entisol in the 
presence of 1 mg/L (A) and 10 mg/L (B) of [Ag]total as Ag2SO4 in buffered     





y = 2.0467x + 30.837 































y = 0.8362x + 46.181 


































       Figure 2.4: Nitrification potential (rate of nitrification) in Taccoa Entisol in the 
presence of 1 mg/L (A) and 10 mg/L (B) of [Ag]total as uncoated 50nm Ag 
nanoparticles in buffered nutrient solutions (1 mM ammonium phosphate  
monobasic and 0.25 mM ammonium sulfate). 
 
y = 1.3556x + 55.058 


























y = 1.1273x + 50.82 



































       Continue Figure 2.4: Nitrification potential (rate of nitrification) in Taccoa  
       Entisol in the presence of 100 mg/L (C) and 300 mg/L (D) of [Ag]total  as        
uncoated 50nm Ag  nanoparticles in buffered nutrient solutions (1 mM     
ammonium phosphate monobasic and 0.25 mM ammonium sulfate). 
 
y = 0.7278x + 40.366 





























y = 0.157x + 40.168 

































          Figure 2.5: Nitrification potential (rate of nitrification) in Taccoa Entisol in  
          the presence of 1 mg/L (A) and 10 mg/L (B) of [Ag]total  as       
polyvinylpyrrolidone (PVP) coated 15nm Ag nanoparticles in buffered        
nutrient solutions (1 mM ammonium phosphate monobasic and 0.25 mM 
ammonium sulfate). 
y = 0.8919x + 60.366 






























y = 0.0571x + 98.088 






























             Figure 2.6: Dissolution of uncoated 50nm Ag nanoparticles in buffered         
nutrient solutions (1 mM ammonium phosphate monobasic and 0.25 mM 










































             Figure 2.7: Dissolution of polyvinylpyrrolidone (PVP) coated 15nm Ag      
nanoparticles in buffered nutrient solutions (1 mM ammonium phosphate 
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SUMMARY AND FUTURE WORK 
 
As seen throughout this study, ionic silver (Ag
+
) and Ag nanoparticles (NPs) have 
the ability to suppress the nitrification kinetic process in soils. This toxicity was mostly 
dependent on concentrations and Ag speciation, and seems to be reduced when 
heterogeneous adsorbents (e.g., metal oxides and organic matter) are presented due to the 
strong affinity of AgNPs and Ag
+
 to the soil surfaces. The release of Ag
+
 and AgNPs may 
increase in the near future as the nanotechnology industry matures, resulting in an 
increase in Ag contamination in sewage sludge, sludge amended soils, sediments and 
landfills. In return, this could increase the exposure of AgNPs to microorganisms that 
could perturb the nutrient cycles in the aquatic and terrestrial environment. Since there is 
a lack of studies in literature regarding the fate and reactivity of AgNPs in the aquatic-
terrestrial environments, it is difficult to assess the impact of AgNPs to ecosystem and to 
regulate the production and applications of AgNPs in consumer markets. Future work is 
needed to assess these aspects of AgNPs in heterogeneous systems like soils. 
Specifically, the interactions (e.g., sorption and complexation) of Ag
+
 and AgNPs with 
inorganic and organic soil components that might control the toxicity to microbes and 
soil biota are still poorly understood. Understanding the relationship between 
physicochemical transformation of AgNPs (e.g., aggregation, dissolution, and dispersion) 
and the response of microbial communities in soils should aid in assessing the impact of 
AgNP toxicity in environment. 
